Abstract-Robust human visual system (HVS) properties can effectively improve the infrared (IR) small target detection capabilities, such as detection rate, false alarm rate, speed, etc. However, current algorithms based on HVS usually improve one or two of the aforementioned detection capabilities while sacrificing the others. In this letter, a robust IR small target detection algorithm based on HVS is proposed to pursue good performance in detection rate, false alarm rate, and speed simultaneously. First, an HVS size-adaptation process is used, and the IR image after preprocessing is divided into subblocks to improve detection speed. Then, based on HVS contrast mechanism, the improved local contrast measure, which can improve detection rate and reduce false alarm rate, is proposed to calculate the saliency map, and a threshold operation along with a rapid traversal mechanism based on HVS attention shift mechanism is used to get the target subblocks quickly. Experimental results show the proposed algorithm has good robustness and efficiency for real IR small target detection applications.
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I. INTRODUCTION
I
N THE field of infrared (IR) small target detection, most targets are brighter than background, but the contrast between target and background is usually very low in a raw IR image and small weak target may be easily submerged in a bright background [1] , which leads to a low detection rate. Meanwhile, due to the IR focal plane array material properties, as well as the electronic noises, there are usually many pixelsized noises with high brightness (PNHB) in IR images [2] , which are similar to targets and introduce a high false alarm rate. In addition, real-time target output is needed in many applications [3] ; thus, detection algorithms with fast speed are much more popular.
In recent years, robust human visual system (HVS) properties, such as size-adaptation process [4] , contrast mechanism [5] , and attention shift mechanism [6] , [7] have been introduced to IR small target detection [8] - [11] , for they can effectively improve the detection capabilities, such as detection rate, false alarm rate, speed, etc. However, current algorithms based on HVS usually improve one or two of the aforementioned de-tection capabilities while sacrificing the others. For example, based on size-adaptation process, Wang et al. [8] segmented the whole IR image into small regions, in addition, attention shift mechanism was applied when they searched for candidate target regions, both of the aforementioned two steps can improve the detection speed, but they chose the brightest region as the candidate target region; thus, when the background is bright, they cannot achieve satisfied detection rate and false alarm rate. Based on contrast mechanism, Kim et al. [9] introduced the Laplacian of Gaussian (LoG) filter to the IR small target detection field to improve the image contrast, Shao et al. [10] combined the LoG filter with morphological processing, and Chen et al. [11] gave a new contrast measuring method named local contrast measure (LCM), all the three algorithms can improve the detection rate, but the LoG filter is hard to calculate and LCM is calculated pixel by pixel, which are both time consuming. Moreover, LCM made an excessive enhancement on PNHB, which results in a high false alarm rate.
In this letter, a robust IR small target detection algorithm based on HVS is proposed to pursuit a good performance in detection rate, false alarm rate, and speed simultaneously. It consists of two stages. In predetection stage, a size-adaptation process is used and the IR image after preprocessing is divided into subblocks to improve detection speed. In detection stage, based on contrast mechanism, the improved LCM (ILCM), which can improve detection rate and reduce false alarm rate, is proposed to calculate the saliency map, then a threshold operation along with a rapid traversal mechanism based on attention shift mechanism is used to get the target subblocks quickly.
This letter is organized as follows. In Section II, the predetection stage is introduced briefly. In Section III, the detection stage is described in detail. Experimental results are presented in Section IV, and this letter concludes in Section V.
II. PREDETECTION STAGE
HVS size-adaptation process means HVS can extract some salient regions at the scale adaptive to the target size for further process, which contributes to a fast detection speed. Target detection on a region level has been widely studied [8] , [12] . In this letter, a similar method with the literature [8] is used first, i.e., slide a window on the IR image (after preprocessing) from up to down and left to right at a certain step, to obtain a series of subblocks. However, considering that PNHB usually emerges as single pixel, whereas a real IR small target usually has a small area (less than 9 × 9 according to the Society of Photo-Optical Instrumentation Engineers, SPIE. the size difference between PNHB and real target, in this letter, we define the value of a subblock as the gray average of all pixels in it. Thus
where sblk(s, t) is a subblock, m is its value, mb and nb are the subblock sizes, pix(i, j) is a pixel that belongs to sblk(s, t), and I(pix(i, j)) is the gray value of pix(i, j). Form all the subblock values as a new matrix, which is denoted by M .
where MB and NB are the subblock numbers in vertical and horizontal, respectively. With a proper choice of window's size and its moving step, the element number in M will be far less than the pixel number in the IR image; thus, the detection speed can be improved significantly. It is necessary to point that the window's size should be approximated to the size of the small target, and the moving step is suggested to set to 1/2 of the window's side length.
III. DETECTION STAGE
A. ILCM Calculation
A subblock may contain the whole (or the msost part of) small target or totally the background, which can be denoted by TB and BB, respectively (note that since the moving step is smaller than the subblock's side length, around a TB, there must be some subblocks overlapped to it but only containing a smaller part of the small target, which can be denoted by PB). Since real IR small targets are usually brighter than background, the simplest way to obtain TB is to apply a threshold operation on M directly [8] ; however, the results may be easily influenced by bright background.
HVS contrast mechanism means that it is the contrast but not the brightness, which occupies the most important part in the streams of our visual system. This fact is true in the whole detection process, which will benefit finding the target from the whole IR image with a high detection rate. In this letter, based on contrast mechanism and derived from LCM [11] , the ILCM is proposed. The calculation of ILCM is as follows.
If sblk(s, t) is a subblock and its gray average is m 0 in M , L n is the maximum of the gray value in sblk(s, t), i.e.,
Apply an image patch whose side length is three times to the subblock's side length on the image and take sblk(s, t) as the central subblock, and find the eight adjacent subblocks of sblk(s, t) in this patch, as well as their gray average m 1 ∼ m 8 in M . The ILCM of sblk(s, t) will be defined as
Similar to LCM, if sblk(s, t) is TB, usually max(m i ) < L n ; thus, ILCM(TB) > m 0 , then target can be enhanced. If sblk(s, t) is BB, there may be max(m i ) ≥ L n ; thus, ILCM(BB) ≤ m 0 , then the background can be suppressed. It can be seen that after the ILCM calculation, target enhancement and background suppression can be achieved simultaneously, which is robust to resist bright background and will help to achieve a high detection rate.
It is necessary to point that it is hard to decide whether enhancement or suppression is applied on PB, but since PB only emerges around TB, and obviously for a same target ILCM(PB) < ILCM(TB), it will not disturb the detection of TB. PB will be eliminated using the inhibition-of-return mechanism (see Section III-B).
There are two main differences between ILCM and LCM. First, ILCM is calculated for each subblock, whereas LCM is calculated pixel by pixel; thus, ILCM will have a faster speed than LCM. Second, both the maximum brightness (L n ) and the size information of the central subblock [shown in the calculation of m 0 in (1)] are used in ILCM, whereas LCM only uses the maximum brightness of the central cell. When a PNHB exists in a PB/BB (denoted by NPB/NBB), its influence on the mean estimation of the central subblock is weak; thus, it can be easily deduced that
It means that ILCM is robust to resist the PNHB and can achieve lower false alarm rate than LCM (see Fig. 1 ), here, the small target is labeled in a rectangle and the PNHB with similar brightness to the target is labeled in a circle.
B. Traversal Mechanism and the Threshold Operation
For each element of M , calculate its ILCM according to (4) , and form them as the saliency map SM. The ILCM of TB can be found by applying a simple threshold operation on SM, here, threshold Th is defined as
where μ and σ is the mean and standard deviation of SM, respectively, k is a parameter, experimental results show that 10 to 20 is quite suitable in our work. The subblocks with larger ILCM than Th are taken as TB, the target center (ti, tj), if needed, can be calculated as
where pix(i, j) is a pixel that belongs to TB, and I(pix(i, j)) is the gray value of pix(i, j). HVS attention shift mechanism means that the region with the most saliency will gain the highest priority (also called popout phenomena [8] ), and regions been processed will not be processed repetitively (also called inhibition-of-return mechanism [11] ), which is helpful to reduce the calculation redundancy, thereby further improving detection speed. Similarly, a winner-take-all mechanism is adopted to the traversal of all SM elements: the largest element will be processed first, then other elements will be processed from large to small until it is smaller than Th. Meanwhile, in order to avoid repetitive detection, once a TB is detected, the TB and its adjacent overlapped PBs will be all inhibited.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
Experiments on three real IR image sequences have been done. Each sequence contains 100 images obtained around Wuhan Tianhe International Airport using a cooled HgCdTe IR detector with a resolution of 320 × 256 and involved one aircraft with a small target flying in sunny weather (Seq. 1), one target flying in cloudy weather (Seq. 2), and one target submerged in bright cloud (Seq. 3). All experiments were implemented by MATLAB software on a PC with 4-GB memory and 3.3-GHz Intel i5 dual processor.
A. Experimental Results Using the Proposed Algorithm
The block diagram of the proposed target detection method is shown in Fig. 2 . Here, the 2-D difference of Gaussians (DoG) filter [14] is chosen as the preprocessing method since it can enhance target and suppress background simultaneously and is very consistent with HVS contrast mechanism, too. For the sake of simplicity, the same approximate binomial kernel with literature [8] is adopted in this letter.
The experimental results using the proposed algorithm are shown in Fig. 3. Fig. 3(a) is the raw IR image I i , for each sequence one image is selected, all the targets are labeled in rectangles. Fig. 3(b) is I o after 2-D DoG preprocessing. Fig. 3(c) is the saliency map SM after ILCM calculation, here, the subblock size is set to 8 × 8, and its moving step is set to 4. It can be seen that the TB has the most saliency, which will help to improve detection rate and reduce false alarm rate. Fig. 3(d) is the detection result, here, k in (6) is set to 19. The proposed algorithm can extract TB precisely without any false alarms for all three images.
B. Comparison With Other Three Algorithms
To validate the detection effect of the proposed algorithm, we compare it with other three IR small target detection methods, including traditional top-hat algorithm, Wang's algorithm, and Chen's LCM algorithm. The same three images in Fig. 3(a) are used, and the comparison is shown in Fig. 4 . Fig. 4(a) is the detection result of top hat. It can successfully detect the target only when the sky is clean and the target is bright. Fig. 4(b) is the detection result of Wang's algorithm. It can successfully detect the targets for the first and the second image, but for the third image, it failed because the brightness of the background may be much higher than the real target. Fig. 4(c) is the detection result of Chen's LCM algorithm. It can detect all the three targets precisely, but false alarms emerge in all the three images as the former two algorithms, labeled in circles. Fig. 4(d) is the detection result of the proposed algorithm. All the three targets are successfully detected without any false alarms.
To further reveal the advantages of the proposed algorithm to the other three algorithms, the receiver operator characteristic (ROC) curve [15] is applied for the three sequences, i.e., for each algorithm, set its threshold to different values and draw the relationship between detection rate [true positive rate (TPR) defined in (8) ] and false alarm rate [false positive rate (FPR) defined in (9)], shown in Fig. 5 . From the figure, we can see that 
Finally, we compare the average computational cost of the four detection methods for a single image (see Table I ).
From the experimental results, we can get the conclusion that top-hat method and Wang's algorithm can achieve fast detection speed; however, for a given TPR, their FPR may be a little high, particularly for Seq. 2 and Seq. 3. Chen's LCM algorithm can achieve better performance in TPR and FPR, particularly when the background is complex or bright, but its detection speed is too slow. The proposed algorithm, can achieve not only a fast detection speed but also the best performance in TPR and FPR in all the four methods.
V. CONCLUSION
In this letter, a robust IR small target detection algorithm based on HVS has been proposed. First, an HVS sizeadaptation process is used, and the IR image after preprocessing is divided into subblocks to improve detection speed. Then, based on HVS contrast mechanism, the ILCM, which can improve the detection rate and reduce the false alarm rate, is proposed to calculate the saliency map, and a threshold operation along with a rapid traversal mechanism based on HVS attention shift mechanism is used to get the target subblocks quickly. Experimental results show that the proposed algorithm is robust to resist bright background and PNHB and can achieve a high detection rate in less than 0.07 s with a low false alarm rate. This algorithm can be either directly used in single-frame target detection or used as a foundation module in sequential target tracking for real-time applications.
